Architectural mortar is used in the building sector when aesthetic surface value is required and therefore, these surfaces present a great potential to be used as a solution for the reduction of atmospheric pollution. In the present work, an inorganic ultramarine blue pigment has been modified to provide the mortars with colour and photocatalytic properties, simultaneously. To modify the pigment, a sol-gel coating based on titanium n-butoxide precursor has been applied on its surface. The influence of different parameters affecting the coating formation, such as the pH and titanium weight content of the sol-gel reactants, has been studied. Moreover, the formation of a coating on the pigment's surface with several amounts of TiO 2 anatase nanoparticles has also been explored. A pigment with better photocatalytic properties has been obtained at pH = 12 applying a coating based on titanium n-butoxide precursors (Ti precursor/pigment weight ratio = 0.5) with 2 wt.% of titania anatase nanoparticles, maintaining the original pigment colour. Moreover, mortars with the new pigment present higher flexural strength and similar compressive strengths than non-modified mortars ensuring the applicability of the pigment in the building sector.
Introduction
The application of photocatalysis to the building sector leads to the transformation of air pollutants in harmless substances [1, 2] . When air pollutants (NO x , SO x , etc.) [3, 4] come into contact with a photocatalytic surface containing a semiconductor, they undergo a process of absorption, decomposition, and final transformation into limestone and mineral salts that can be easily washed away by rain. In the case of organic pollutants, the result of their complete degradation is the formation of CO 2 , which can be transformed into calcium carbonate, as well. The self-cleaning and pollution-reducing properties can be fundamental, especially in highly polluted areas, to increase durability and to facilitate the maintenance by making self-cleaning external surfaces [5] [6] [7] [8] [9] [10] [11] [12] .
Between the different semiconductor materials, TiO 2 has gained much interest in construction materials because TiO 2 is the most common among titanium minerals, which is extensively used in everyday life and is relatively inexpensive [13] . However, a considerable drawback of the use of TiO 2 is the negative effect on the workability of fresh mixtures. Even if this workability can be improved by water addition, this water also affects the mechanical properties of the materials and should be controlled. Moreover, mechanical properties can be also affected upon TiO 2 addition due to the nanoparticles agglomeration, which hinders the onset of the filling effect, being typical of materials prepared by adding TiO 2 particles to the cement powder in a dry state [14] [15] [16] .
Regarding external surfaces, in building sector it is highlighted the increasing use of coloured cement to add colour to concrete, mortar, or any other cementitious formulation, to develop exclusive, innovative surfaces, which have a degree of differentiation from their competition. For cement colouration, Ultramarine Blues are good candidates to give colour, as these pigments are resistant to the aggressiveness of strongly alkaline cement paste, and are insoluble in the mixing water and colour consistence.
Endowment of photocatalytic property on the surface of concrete structure by the only incorporation of a pigment, which can provide colour and photocatalytic properties simultaneously, but without affecting the workability of the fresh mixtures, will be a suitable solution for the development of self-cleaning coloured structures and for purification of the polluted environment [17] [18] [19] . This modified pigment will be also easily dispersed in the mortar avoiding the nanoparticle agglomeration in the final mortar.
In the present work, an inorganic ultramarine blue pigment has been modified to provide the mortars with colour and photocatalytic properties simultaneously. To modify the pigment a sol-gel coating has been applied on its surface by a previous dispersion of the pigment. Different parameters of this dispersion, affecting the subsequent coating formation around the pigment, have been optimised in order to maximise the photocatalytic effect of the pigments. Between them, there are the effects of the pH value, the titanium weight content of the sol-gel reactants and the addition of anatase nanoparticles. The photocatalytic efficiency of the mortar with different content of the obtained pigment have been also analysed using a Rhodamine B-based colorimetric test. Moreover, the mechanical properties of the modified mortars have been analysed to guarantee the applicability of the pigments in the building sector. To modify the pigment surface, the pigment was put in dispersion in water at 50 g/l using 1 wt.% of PVP (polyvinylpyrrolidone) surfactant with respect to pigment weight (dispersion 1). Separately, a solution of titanium (IV) n-butoxide precursor (TNBT)) was mixed with ethanol and a mixture of hydrochloric acid, water and ethanol was added drop by drop to the ethanol/titanium mixture (molar ratio: TNBT/ethanol/H 2 O/HCl of 1/50/2/0.04) (solution 1). The resulting solution were kept under stirring during 3 h. After this time, the required weight of solution 1 was added drop by drop to dispersion 1 ( Fig. 1 ) with the help of an automatic dispenser during 1 h. Pigments with different Ti/pigment weight ratios were prepared following this process. After the corresponding solutions were added, Fig. 1 Scheme of the experimental procedure for the obtention of the sol-gel coatings around the pigment the mixture with a pH of 10 was maintained under stirring during 3 h and filtered, and finally cured at 150°C for 1 h. This temperature has been selected far enough from the degradation temperature of the pigment indicated by the pigment manufacturer (350°C) in order to avoid whitening of the pigment and losing of colour due to a degradation of the chromophore group of the pigment.
Experimental procedure
This temperature is considered the maximum possible value of curing temperature for the coatings, as the chromophore group of the pigment degrades at higher temperatures.
Titanium concentration of pigments was measured by X-ray fluorescence with a Bruker S8 Tiger under vacuum or helium gas depending on their nature. The software Spectra Plus was employed to deconvolute and integrate the elemental profiles to get the quantification of chemical elements.
Laser Dispersion was employed to obtain the particle size distribution (0.02-2000 μm range) of the samples by using a Malvern-Mastersizer 2000. Water was used as the dispersion media and a particle refractive index of 1.510 was considered for the measurement and five cycles of measurement were done.
For transmission electron microscopy (TEM) measurements, the powder samples were deposited on a grid covered with a holey carbon film and transferred to Hitachi HT7700 electron microscope operating at 80 kV.
To evaluate the photocatalytic efficiency of the pigments, two different alternatives were studied: (a) to press the pigment powder to prepare a pigment pill with a press machine and (b) to include the pigment in the mortar (the final matrix) by mixing 450 g of cement with 225 g of water, 1350 g of sand and different quantities of pigment according to the Standard UNE 196-1 [20] .
The photocatalytic efficiency was measured using a Rhodamine B (N, N, N', N'-Tetraethylrhodamine chloride)based colourimetric test. Cement pastes substrates were prepared by mixing 500 g of cement with 150 g of water according to the Standard UNE-EN 196.3. The coating was applied on the cement paste substrate by rolling. The Rhodamine B dye exhibits a strong red colour due to its highly delocalised Π-electron system. It is very soluble in water and can therefore be spread uniformly on a given surface. Rhodamine B was spread on the pigment pull or the pigment modified, and consequently, its discolouration can be followed by colourimetry.
The specimens were placed horizontally with an UVA light source located above the surface of the specimens (see Fig. 2 ). The light intensity received by the specimens was 10 W/m 2 . The discolouration of the rhodamine was followed by colourimetry.
The results are expressed in the CIELAB system with L*, a* and b* colourimetric coordinates. As rhodamine B applied onto materials gave an initial pink colouration, only the colourimetric coordinate a* was considered. The measurements of a* were performed at regular time intervals during 9 h. To quantify the photocatalytic activity, an index of the photocatalytic activity (PAI) was determined: PAI = C -Co [20] where: C is the activity coefficient of the photocatalytic specimen and Co is the activity coefficient of the reference specimen. The activity coefficient (C) could be defined as: C = [At(a*) -A(a*)]/At(a*). For this work, a value of PAI > 0.1 after 9 h has been established as an acceptable value when mortar with the dispersed pigment is evaluated.
Energy-dispersive X-ray spectroscopy (EDX) and mapping analysis using a scanning electron microscope Hitachi S-4800 was carried out to evaluate the dispersion of the developed Pigments in mortar.
The flexural and compressive strength of hardened mortar was determined at 3, 7 and 28 days following the Standard UNE-EN 196.1. The flexural strength was determined by three-point loading of a prism specimen. Subsequenly to the failure and breakage of this specimen, the compressive strength was determined on each half of the prism. The dimensions of the specimens were 160 × 40 × 40 mm.
The Brunauer-Emmett-Teller (BET)-specific surface area was measured by low-temperature nitrogen adsorption/ Fig. 2 Experimental test chamber desorption isotherms using a Quantachrome Autosorb iQ analyser. Typically, 0.1-0.2 g of a sample was used for the measurement. Prior to nitrogen adsorption at 77 K, the sample was degassed at 573 K.
Results and discussion
In order to optimise the development of an inorganic ultramarine blue pigment capable of providing colour and photocatalytic properties simultaneously to the cement, we have modified the conventional pigment into a photocatalytic one coating the pigment with an inorganic sol-gel coating. The effect of the Titanium weight content, pH value and the addition of anatase nanoparticles in the pigment coating on the self-cleaning properties of the pigment has been analysed.
Effect of titanium weight content on the pigment coating in the self-cleaning properties
In the pigment preparation process, different weight ratios of Ti precursors/pigment were employed. After filtering and curing, pigments with different Ti content (0.10, 0.25 and 0.50), on their surfaces and therefore, with different properties have been obtained. In Table 1 , there are listed the titanium weight contents present in the pigment measured by X-ray fluorescence, the results of maximum index of photocatalytic activity (PAI) and mean particle size (d (0.5) ) values obtained for each pigment sample. Moreover, Table  1 shows the evolution of PAI values with the time.
As it is expected, increasing the Ti precursor weight with respect to the pigment weight, there are obtained pigments with higher Ti contents. However, the sample named as S3_10 (having a titanium content of 1.42 wt.%) reaches the same PAI value at 9 h than the pigment S1_10 (having a titanium content of 7.25 wt.%).
The reason for this behaviour could be the pigment agglomeration ( Table 1 ). The sample obtained from S3_10 is an easily dispersible pigment with a mean particle size of 0.94 µm, while the sample obtained from S1_10 has a mean particle size of 9.95 µm. As it is known, the active surface of the agglomerated sample is lower than the one of the nonagglomerated sample, being more difficult to obtain a good contact between the organic molecule (Rhodamine B) and the titanium, and then, the sample shows lower value of PAI [21] [22] [23] .
The pigment providing the highest PAI value and the lowest agglomeration (S3_10), was selected to study the self-cleaning capability of the pigment modified mortar. The concrete matrix was prepared using a concentration of 7 wt.% pigment with respect to cement. Figure 3 shows an EDX Ti mapping of a non-modified and modified mortar with pigment (S3_10). As it can be observed, this amount of Ti is homogeneously distributed inside the mortar.
However, in spite of the good Ti distribution the PAI value of the mortar is smaller than 0.1. So, it was decided to study different alternatives to obtain self-cleaning pigments. For this, the titanium concentration (wt.%) is increased by using two different strategies: varying the pH and adding anatase nanoparticles in the sol, having fixed the weight ratio Ti precursor /pigment, in both cases, to 0.50 (S1) and 0.25 (S2).
Effect of the pH value in the pigment coating formation in the photocatalytic efficiency
In the general methods for obtaining the coated pigments, after adding the Ti precursor solution in the pigment dispersion, the mixture was maintained under starring at pH = 10 for 3 h. It is well known that the pH parameter affects the sol-gel hydrolysis and condensation reaction rates [24, 25] , and therefore, the pH could affect the agglomeration of the pigment during the coating formation. In this work, the effect of four values of pH (pH = 10, 11, 12 and 13) has been studied. For this, NaOH was added to increase the initial pH value (pH = 10). The values of mean participle size obtained for each experiment are shown in Table 2 . Less agglomerated pigments (S1_12 and S2_12) were achieved using pH = 12 and they show better properties in terms of self-cleaning ability, compared with S1_10 and S2_10). Figure 4 shows the evolution of PAI values with time for each sample obtained at pH = 12. The maximum PAI value obtained for the S1_10, S1_12, S2_10 and S2_12 samples have been 0.116, 0.143, 0.072 and 0.170, respectively.
As can be seen, pigment obtained using the conditions of S2_12 presents the highest PAI values, even if it is not the pigment with the highest titanium concentration. This behaviour could be due to the better dispersibility of this pigment (d (0.5) = 3.72 μm) with respect to the others.
Taking into account the obtained results, the developed pigments providing the highest PAI values were dispersed in the concrete matrix (the mortar was prepared as explained before). However, S1_12 and S2_12 developed pigments do not have enough self-cleaning ability when they are dispersed in concrete.
Effect of the addition of anatase nanoparticles on the pigment coating in the self-cleaning properties
Another via to increase the titanium concentration is the addition of anatase nanoparticles in the coating deposited around the pigment surface [16, 26] . Different concentrations of TiO 2 nanoparticles were added to the titanium (IV) n-butoxide solution and then, it was hydrolysed and added drop by drop to the pigment dispersion ( Fig. 5 ). For this . 4 Evolution of PAI with time of S1_10, S1_12, S2_10 and S2_12 pigments Fig. 5 Scheme of the experimental procedure for the obtention of sol-gel coatings modified with anatase nanoparticles around the pigment study, it has been decided to work under pH = 12 considering previous results that demonstrate that the use of pH = 12 reduce the agglomeration. The titanium precursor/pigment weigh ratios employed in this analysis are 0.5 and 0.25 (see Table 3 ). As it was expected, the pigments obtained in the process employing higher titanium precursor/pigment weight ratios present higher Ti wt.%. For the samples S1_12 and S2_12 with anatase particles (now S1_12_anatase and S2_12_anatase) the measured titanium weight content (wt.%) on the pigment by XRF is 14.00 (before, it was 7.25) and 10.80 (before, it was 3.50), respectively.
In addition, particle size distribution, d 50 , is 6 and 3.80 for S1_12_anatase and S2_12_anatase samples, respectively. So, a bigger agglomeration is observed in the pigments obtained with higher Ti:pigment ratio (S1_12_anatase). Figure 6 shows the PAI evolution with time for both samples. The maximum PAI value obtained for S1_12_anatase and S2_12_anatase is 0.293 and 0.221, respectively.
The obtained results indicate that both pigments provided high PAI values. Therefore, both pigments were dispersed in the concrete matrix using a concentration of 7 wt.% pigment with respect to cement obtaining maximum PAI values (9 h) (see Fig. 7 ) of 0.304 for the pigment S1_12_anatase and 0.227 for the pigment S2_12_anatase, respectively. So, both of the obtained pigments can be considered as self-cleaning pigments, because both can provide the mortar where they are included with a PAI values after 9 h, higher than the established as minimum value (PAI > 0.1).
The PAI values of the modified mortars are higher than the expected ones considering the amount of pigment inside. This can be explained by the higher roughness on mortars than in pigments, leading to a higher surface contact area between the Rhodamine B molecule and the Ti on the mortars [27] .
In order to select the best composition, the change in DL (lightness of the colour) of both pigments with respect to the original pigment has been measured, obtaining a value of 2 and 3 for the sample S1_12_anatase and S2_12_anatase, respectively.
Consequently, taking into account these last results, the sample S1_12_anatase has been selected as the pigment with the optimal properties due to its better self-cleaning properties and lowest colour change. Moreover, TEM image of the S1_12_anatase pigment ( Fig. 8) does not differ significantly from the image of raw material (non-modified . Some particles are observed on both pigments, as the original ultramarine blue employed in this study has a precursor silica-based coating to improve its resistance to acidic medium.
To ensure the applicability of the pigments in the building sector, the mechanical properties of mortars modified with a 7 wt.% of pigment have been measured. Table 4 collects the results of the mechanical properties of the mortar specimens. Each of the presented data was obtained by at least three specimens in order to get accuracy and to avoid probable errors.
From the results, it can be seen that the addition of the modified pigment improves the flexural strength of the reference mortar (without pigment) and of mortar with the non-modified pigment. The compressive strength of the mortar with non-modified and modified pigment are very similar to the reference mortar [28, 29] . This can be due to the higher specific area of the modified pigment (61 m 2 /g) with respect to non-modified one (14 m 2 /g). This gives rise to a higher interaction pigment mortar and to an improvement of the mechanical properties.
Conclusions
The increasing use of coloured architectural mortars can be used as a solution to the high atmospheric pollutant concentration, the source of which often is related to infrastructure construction. In this study, a photocatalytic ultramarine blue pigment has been developed by modifying its surface with a sol-gel coating. To increase the photocatalytic activity of the pigment towards the degradation of Rhodamine B different alternatives were studied: increasing the titanium weight content of the pigment by increasing the titanium precursor amount in the modification process, modifying the pH value employed in the pigment modification process and to add TiO 2 anatase nanoparticles during the modification process to obtain an ultramarine blue pigment coated with TiO 2 films containing different concentrations of nanoparticles. The developed pigments can be easily implemented into cement to obtain a material with good photocatalytic and colour properties desirables to concrete technology. The experimental results obtained after the mixture of the pigment with the cement have shown that the better self-cleaning properties and lowest colour change have been achieved by using a pigment obtained under pH = 12 and employing a titanium precursor/pigment weight ratio of 0.5 and with the addition of 2 wt.% anatase nanoparticles in the sol. Moreover, mortars with the new pigment present higher flexural strength and similar compressive strengths than non-modified mortars. Ensuring the applicability of the pigment in the building sector.
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